Spontaneous hydrolytic deamination of cytosine (C), adenine (A), and guanine (G) gives rise to uracil (U), hypoxanthine (Hx), and xanthine, respectively (3) . Because the first two reactions occur at appreciable rates (31) and because their products are mutagenic, living organisms have evolved sophisticated defense mechanisms to deal with this threat to their genomic integrity. Deamination of C to U occurs with the highest frequency. Because U base pairs with A during replication, a failure to remove U from DNA prior to the next round of DNA synthesis gives rise to C3T (or, on the opposite strand, G3A) transition mutations (1) . The A-to-Hx reaction is only about 10 times slower than the reaction affecting C and has biological significance due to Hx pairing with cytosine during replication.
Similar to other modified DNA bases, U and Hx are removed from DNA by base excision repair. This process is initiated by one of several DNA glycosylases, which removes the aberrant base, giving rise to an abasic (apyrimidinic or apurinic) site (AP site). In the subsequent step, the AP site is cleaved by an AP endonuclease on its 5Ј side, giving rise to a single-strand break. The baseless sugar phosphate is then removed by the 5Ј33Ј exonuclease activity of polymerase I in bacteria or by the N-terminal lyase activity of polymerase ␤ in eukaryotes. The same polymerases then fill in the single nucleotide gap, and the remaining nick is sealed by a DNA ligase (20) . Base excision repair can also proceed by mechanisms that differ somewhat from the canonical pathway described above, but these mechanisms do not alter the outcome of the studies described in this work and are not described in detail here.
Uracil removal is catalyzed by uracil DNA glycosylases (UDGs). These enzymes possess two highly conserved motifs; motif A activates a catalytic water molecule for nucleophilic attack on the glycosidic bond, and motif B stabilizes the protein-DNA complex (25) . To date, five UDG families with somewhat different substrate specificities have been characterized (25, 30) . Enzymes belonging to family 1 are the bestcharacterized enzymes. They can remove uracil from U ⅐ A pairs or U ⅐ G mispairs in double-stranded DNA (dsDNA) and even more efficiently from single-stranded DNA (ssDNA) substrates (32) . Family 2 enzymes excise uracil from U ⅐ G mismatches in dsDNA. Because these enzymes have most likely evolved to deal with the deamination of 5-methylcytosine to thymine, they are specific for U ⅐ G and T ⅐ G mispairs and excise neither uracil nor thymine from ssDNA (21) . The active site of these enzymes is altered compared to the active site of family 1 UDGs. Family 3 consists of the single-strand-selective monofunctional UDGs, which appear to be hybrids between members of families 1 and 2 (5) . As their name implies, family 3 enzymes are preferentially active on uracil-containing ssDNA substrates. Family 4 enzymes have been identified in hyperthermophiles such as Thermotoga maritima (28) , Archaeoglobus fulgidus (29) , and Pyrobaculum aerophilum (6) . These enzymes act on U opposite A or G and exhibit maximal activity at high temperatures. Family 5 uracil glycosylases (UdgB) have been identified in a limited number of organisms, such as hyperthermophilic archaea and Mycobacterium tuberculosis (7, 30, 37) . Unexpectedly, motif A of UdgB enzymes contains no polar amino acid, but motif B resembles motif B of family 1 proteins (30) . In vitro assays showed that UdgB removes uracil from both ssDNA and dsDNA (30) . Interestingly, this enzyme could also excise Hx from oligonucleotide substrates (30, 36) and is thus the only glycosylase that removes both aberrant pyrimidines and purines from DNA in vitro. One of the goals of the present study was to learn whether this enzyme also processes U and Hx in vivo.
As discussed above, uracil is generated in DNA by spontaneous hydrolytic deamination of cytosine. However, it can also be directly incorporated into DNA during replication in the form of dUMP. This process is not mutagenic, because dUMP is incorporated opposite adenine. However, it can be cytotoxic, particularly in cells with an imbalanced dUTP-dTTP pool, such as mutants lacking dUTPase, or in cells in which thymidylate synthase is inhibited by, e.g., 5-fluorodeoxyuridine (5FdUrd) treatment. Deoxyuridine incorporated during DNA synthesis is processed primarily by family 1 UDGs, which have been shown to associate with replicating polymerase complexes. Under normal circumstances, this repair process affects only the newly synthesized strand. However, at high dUTP/dTTP ratios, uracil repair might become saturated, so that some uracil remains in the DNA until the following round of DNA replication. In this scenario, processing of uracil in both template and nascent strands would give rise to double-strand breaks and thus to genomic instability (14, 15) . This hypothesis is supported by the finding that organisms lacking an efficient repair system can tolerate considerable replacement of thymine with uracil in their DNA (40) . The second goal of the present study was to test whether UdgB, like family 1 UDGs, contributed to the cytotoxicity associated with a dUTP-dTTP pool imbalance.
We wanted to study whether the substrates processed by UdgB in vitro are also addressed in vivo by this enzyme. As we were unable to do this with P. aerophilum, we set out to find an organism encoding UdgB that would be more amenable to genetic manipulation. M. tuberculosis encodes two potential UDGs, one belonging to family 1 (ung, M. tuberculosis Rv2976c) and one belonging to family 5 (udgB, M. tuberculosis Rv1259) (30) . However, to avoid complications linked to the pathogenicity of this organism, we decided to investigate the role of Ung and UdgB in the nonpathogenic organism Mycobacterium smegmatis, which is, unlike P. aerophilum, amenable to genetic manipulation. Our results provide novel insights into the coordinated action of family 1 and family 5 glycosylases.
MATERIALS AND METHODS
Pattern search, sequences, alignment, and phylogeny. A pattern search for conserved sequence motif A (GLAPA/G) and motif B (HPS) of the UdgB family of glycosylases was performed using the myHits web server (http://myhits.isb-sib .ch) (24) Media, chemicals, oligonucleotides, plasmids, and bacterial strains. Middlebrook 7H9 broth and Middlebrook 7H10 agar were purchased from Difco. When appropriate, antibiotics were added at the following concentrations: hygromycin, 100 g/ml; streptomycin, 100 g/ml; and rifampin (rifampicin), 150 g/ml. 5FdUrd was purchased from Sigma-Aldrich. Oligonucleotides were synthesized by Microsynth AG (Balgach, Switzerland) and are listed in Table 1 . Plasmids and bacterial strains that were used in this study are listed in Table 2 .
Generation of mutants. Wild-type rpsL from M. tuberculosis with ϳ500 bp of 5Ј flanking sequence was ligated into the XbaI site of pMCS5. The hygromycin resistance cassette from pBluescript-hyg was cloned into the SnaBI site of pMCS5-rpsL, resulting in pMCS5-rpsL-hyg.
Allelic replacement techniques were used to generate M. smegmatis knockout mutants (4) . Using genomic DNA, 1-to 1.5-kb fragments upstream (5Ј) and downstream (3Ј) of the target genes ung (MSMEG_2399) and udgB (MSMEG_5031) were amplified by PCR and cloned into pMCS5-rpsL-hyg. To amplify the ung upstream region, primers ung1 and ung2 were used. For amplification of the ung downstream region, primers ung3 and ung4 were used. The resulting deletion allele lacked bp 156 to 561 of the 729-bp ung open reading frame. jb.asm.org
To generate the M. smegmatis udgB knockout mutant, the 5031_1 and 5031_2 primers were used to amplify the udgB downstream region, and primers 5031_3 and 5031_4 were used to amplify the udgB upstream region. The resulting deletion allele lacked bp 213 to 696 of the 906-bp M. smegmatis udgB open reading frame. The integrity of the mutant vectors was verified by sequence analysis.
The vectors were transformed into M. smegmatis mc 2 155 derivative SMR5 rrnB as previously described (4) .
For generation of the M. smegmatis ung udgB double mutant, the udgB knockout vector was transformed into the M. smegmatis ung mutant, and selection procedures described above were used. Disruption of the targeted genes and absence of merodiploidy were ascertained by Southern blot analysis.
Determination of spontaneous mutation frequencies. Three independent experiments with three sets of cultures for each strain were performed. Cultures were grown until late log phase in Middlebrook 7H9 medium, and the number of viable cells was around 10 9 cells/ml. Subsequently, the cultures were diluted to obtain 2 ϫ 10 3 cells/ml and incubated for 2 days at 37°C. One hundred microliters of each culture was plated on freshly prepared Middlebrook 7H10 agar plates containing 150 g/ml rifampin, and serial dilutions were plated on nonselective medium. After 3 to 6 days of incubation at 37°C, the numbers of CFU were determined. The number of CFU obtained on agar plates containing rifampin was divided by the number of CFU obtained on nonselective medium. The mean mutation frequency for a set of cultures was used to calculate the mutation frequency.
Mutation spectra. For mutational analyses of rifampin-resistant clones, single colonies were picked, and a 500-bp rpoB fragment was amplified by PCR performed with primers rpoB-fwd and rpoB-rev. Subsequently, the coding strand was sequenced using an ABI sequencer. Mutations leading to rifampin resistance were analyzed by inspection of a 300-bp region of the rpoB gene located between bp 1200 and 1500. MIC and growth kinetics. A 1:1,000 dilution of a saturated culture was grown in Middlebrook 7H9 medium. The optical density at 600 nm was determined every 10 min for 48 h using a microtiter plate spectrophotometer. Generation times were calculated during the exponential growth phase.
The MIC was determined by visual inspection of microtiter plates. Cultures were grown in synthetic Middlebrook 7H9 medium, since this medium does not contain any pyrimidines or pyrimidine derivatives. 5FdUrd was added to a 200-l culture having an optical density at 600 nm of 0.0025. The MIC of a drug was defined as the concentration at which growth was completely inhibited after 3 days of incubation at 37°C.
RESULTS

P. aerophilum UdgB is conserved in
Actinomycetales and hyperthermophilic Archaea. The uracil-and Hx-excising enzyme P. aerophilum UdgB was first identified and biochemically characterized using two hyperthermophilic archaea: P. aerophilum (30) and Thermus thermophilus (37) . Unfortunately, the in vivo biological role of this enzyme could not be studied, as these organisms are not amenable to genetic manipulation. We therefore searched for other organisms that encode proteins belonging to the same glycosylase family with which we could carry out genetic experiments.
We performed a pattern search with conserved amino acid motifs A (GLAPA/G) and B (HPS) using a public database. Twenty-two organisms carrying family 5 UDG orthologues were detected (Fig. 1) . Phylogenetic analyses revealed that UdgB is restricted to Actinomycetales and Thermoprotei, organisms that are either hyperthermophilic archaea or contain GϩC-rich genomes. We chose to work with M. smegmatis, a fast-growing and nonpathogenic mycobacterial species.
Generation of unmarked M. smegmatis udgB and ung knockout mutants. We targeted genes implicated in the processing of uracil. To survey the biological effects of the two different UDGs in mycobacteria, we generated knockout mutants with mutations in the ung gene encoding Ung belonging to family 1 Further, a double-knockout mutant lacking both genes was constructed (Fig. 2) . The growth kinetics of the mutant M. smegmatis strains were comparable to those of the wild type; the generation times were 155 min for the wild type, 130 min for the ung knockout mutant (designated the ⌬ung mutant), 152 min for the M. smegmatis udgB knockout mutant (designated the ⌬5031 mutant), and 143 min for the double-knockout mutant (designated the ⌬ung ⌬5031 mutant).
General mutation frequency is increased in UDG knockout strains. The general mutation frequency reflects an organism's ability to process spontaneous DNA damage. In this study, we determined the mutation frequencies of the M. smegmatis strains using a forward mutation screen with the rpoB gene that leads to rifampin resistance.
The general mutation frequencies of the single-knockout mutants were seven-to eightfold higher than those of the wild type. The mutation frequency of the double-knockout mutant was 56-fold higher, which indicates that there was a dramatic decrease in the ability of this mutant to repair spontaneous DNA damage (Table 3) .
Sequence analysis of the rpoB gene in the Rif r M. smegmatis mutants revealed that the ung and M. smegmatis ugdB gene products are partially redundant, as the mutation spectra of all three mutant strains showed an increase in G ⅐ C3A ⅐ T transitions compared to the wild type. These mutations, which arise mostly during replication of genomic DNA containing uracil residues arising from cytosine deamination, accounted for onequarter of all mutations in the wild-type strain. In contrast, in the double mutant, they accounted for two-thirds of all mutations, while the values for the single mutants were between these two extremes (Table 4 and Fig. 3A ). As shown in Table  4 , there were 12-to 15-fold more G ⅐ C3A ⅐ T transitions in single-gene knockout mutants and 139-fold more G ⅐ C3A ⅐ T transitions in the double-knockout mutant than in the wild type (Fig. 3B ).
There were also glycosylase-dependent differences in the frequency of A ⅐ T3G ⅐ C mutations, which may arise through adenine deamination. Whereas the frequencies of these mutations were about 3-fold higher in the ung knockout mutant than in the wild type, the frequencies of these mutations in the udgB knockout mutant and in the double-knockout mutant were Ͼ10-fold and 31-fold higher that those in the wild-type strain, respectively.
Thymidylate synthase inhibition leads to UDG-dependent cell death. Uracil has been hypothesized to trigger cell death through chromosomal fragmentation of uracil-rich genomes (8, 14) . UDGs create abasic sites in the DNA (18) that are cleaved by AP endonucleases to generate single-strand breaks (16) . UDG-associated AP endonuclease-induced doublestrand breaks require a high density of genomic uracil in both the newly synthesized and template strands (14) . dUTP is an intermediate in thymidylate synthesis; it is converted to dUMP plus PP i by dUTPase (Dut), and the resulting dUMP is then the sole precursor for the synthesis of dTTP catalyzed by thymidylate synthase. This conversion helps the cell maintain a low dUTP/dTTP ratio and thus reduces the likelihood of dUMP incorporation into DNA. The dut gene was shown to be essential in E. coli (2) ; however, mutants with low Dut activity have been found (38) . These strains have significantly greater dUTP pools and display elevated DNA fragmentation and increased susceptibility to 5FdUrd (13) . 5FdUrd is assumed to exert its effects predominantly through its sole metabolite, 5-fluoro-dUMP (5FdUMP), which inhibits thymidylate synthase. This leads to depletion of the dTTP pool and consequently to an increase in dUMP incorporation into newly replicated DNA (9) .
We tested the role of Ung and M. smegmatis UdgB in uraciltriggered cell death. The drug susceptibility of the mutants was studied by determining the MICs of 5FdUrd. Our results show that the ung knockout mutant tolerated this drug twofold better than the wild-type or the M. smegmatis udgB knockout 
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a The values are the means of three independent experiments. b Significant increase in the mutation frequency compared to the wild type (P Ͻ 0.005, Student's t test; n ϭ 3). TABLE 4 . rpoB mutations in Rif-resistant mutants derived from the M. smegmatis wild-type strain and the ⌬ung, ⌬5031, and ⌬ung ⌬5031 mutants 
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a Number of mutants on Middlebrook 7H10-Rif agar with the mutation indicated/total number of Rif r mutants. b The mutation frequency of the mutation indicated was calculated by comparison with the general mutation frequency of the strain. c Increase in the mutation frequency of a mutant strain compared with the wild-type mutation frequency for the mutation indicated. d ND, no mutation detected. mutant (Fig. 4) . Loss of both UDGs decreased the sensitivity to the drug approximately fivefold compared to the wild type.
DISCUSSION
UdgB is conserved in hyperthermophilic archaea and in Actinomycetales. Elevated temperatures in the environment of hyperthermophilic archaea enhance the rate of spontaneous hydrolytic deamination, especially the rate of spontaneous hydrolytic deamination of cytosine and adenine (17, 19) . It is therefore hardly surprising that genomes of hyperthermophiles are protected against deamination-associated mutagenesis by more than one enzyme capable of dealing with this type of damage (17, 33) . Significantly, UdgB orthologues are found not only in hyperthermophilic archaea but also (with the exception of Corynebacterium species and Tropheryma whipplei) in members of the order Actinomycetales, which have GϩC-rich genomes that also require increased protection against cytosine deamination.
Mycobacteria, which are exposed to reactive oxygen or nitrogen intermediates inside host macrophages, might sustain even more DNA damage than other members of this order (39) . In spite of this hostile environment, the mutation rates of FIG. 3 . Mutation spectra of Rif-resistant mutants. (A) Mutation spectra of glycosylase knockout strains. The level of each type of mutation detected is expressed as a percentage of all of the mutations detected in a strain. The nucleotide that was mutated is indicated on the y axis, and the result of the mutation is indicated on the x axis. (B) Mutation frequencies for mutations in the knockout strains compared to the mutation frequencies in the wild-type strain. n.d., no mutation detected. mycobacteria are similar to those of other bacteria. This is even more remarkable considering that these organisms appear to lack a postreplicative mismatch repair system (35) . The fact that these organisms can effectively protect their genomes against the threat of deamination and reactive oxygen and nitrogen species is demonstrated by the finding that the general mutation rates of archaea and mycobacteria are comparable to those of E. coli (10, 35) .
Both Ung and UdgB protect M. smegmatis against deamination-associated mutations. Mutation detection systems are essential tools for determining general mutation frequencies, as well as the types of mutations resulting from specific defects in DNA metabolism. In this study, we screened for rifampin resistance, which can arise through any 1 of 69 base substitutions at 37 different sites in the rpoB gene encoding the ␤-subunit of RNA polymerase (11) . Due to this versatility, the screen can be used to identify the substrates of DNA repair pathways of interest.
As shown in Table 3 , the mutation frequencies of the single mutants were increased to similar extents, about sevenfold. When both ung and udgB were inactivated, the mutation frequency was increased more than 50-fold. The predominant mutation in our analysis for all strains was C3T, which results from deamination of cytosine to uracil.
The most frequently described rpoB mutations are 531TCG3TTG and 526CAC3TAC (11) . To exclude the possibility that our analysis was affected by one or several such hotspots, which might have increased the observed bias in favor of cytosine alterations, we analyzed the locations of all the mutations. The nucleotide changes leading to rifampin resistance in our study were homogeneously distributed among known resistance-conferring base substitutions (data not shown).
Deamination of adenine to Hx leads to A ⅐ T3G ⅐ C mutations. The M. smegmatis udgB knockout mutant showed a Ͼ10-fold increase in A ⅐ T3G ⅐ C transitions compared to the wild type. This result supports the findings of our in vitro studies with P. aerophilum UdgB, which could be shown to remove both uracil and Hx from DNA (30) .
Association of Ung with the replication fork. Incorporation of uridine into DNA due to the use of dUTP instead of dTTP by replicative DNA polymerases takes place relatively frequently (3) . It has been shown that mammalian nuclear UNG2, a homologue of bacterial Ung, associates with proliferating cell nuclear antigen, the processivity factor of replicative DNA polymerases (12) . This has led to speculation that UNG2 acts on nascent DNA immediately after dUMP incorporation and is thus responsible for the immediate removal of uracil (23) .
Because mammalian UNG2 was shown to largely rescue the mutator phenotype of an E. coli ung mutant, it was argued that UNG2 and Ung have similar roles (22) . However, incorporation of dUMP into nascent DNA during replication is not mutagenic, as the dUMP is incorporated opposite A. Thus, the phenotypic rescue of the E. coli ung mutant by UNG2 implies only that the mammalian enzyme can process the mutagenic U ⅐ G mispairs arising through cytosine deamination in bacteria, but this provides little information concerning the role of the bacterial enzyme in the removal of uracil from replicationassociated U ⅐ A pairs.
We wanted to search for evidence that might implicate the M. smegmatis Ung and UdgB enzymes in the processing of replication-associated uracil. Because the fluoropyrimidine 5FdUrd boosts cellular dUTP pools by inhibiting thymidylate synthase (9), more dUMP (and likely also more FdUMP) is incorporated into nascent DNA. Under these conditions, removal of uracil and fluorouracil by a uracil glycosylase frequently leads to cell death, because the repair synthesis requires dTTP, which is scarce in the cell. Instead, the repair polymerase might incorporate a dUMP or FdUMP residue that would be subject to renewed processing by the uracil glycosylase. When single-stranded gaps resulting from incomplete repair synthesis reach the replication fork, they give rise to cytotoxic double-strand breaks. Our results (Fig. 4) show that inactivation of the ung gene results in a 2.5-fold decrease in 5FdUrd toxicity, which confirms the hypothesis described above. Inactivation of M. smegmatis udgB did not have a noticeable effect on cell killing by the fluoropyrimidine, which suggests that the glycosylase encoded by this gene does not contribute to the cytotoxic processing of uracil and fluorouracil in 5FdUrd-treated cells, as long as Ung is present. However, the resistance of the double mutant to the drug was fivefold higher. This suggests that UdgB in the double mutant cells can and does contribute to the cytotoxic processing of incorporated uridine, albeit only when Ung is absent.
In this paper we provide key insights into the biological roles of uracil glycosylases in the model organism M. smegmatis. Phylogenic analysis showed that genes encoding UdgB are prevalent in genomes that have an elevated risk of base deamination. That the UdgB enzyme indeed counteracts the mutagenic threat of this spontaneous hydrolytic process became evident from the results of experiments described above. We found that the general mutation frequencies and mutation spectra of strains defective in Ung and M. smegmatis UdgB are very similar, which suggests that there is substantial functional redundancy, particularly in the prevention of G ⅐ C3A ⅐ T transition mutations that arise predominantly through cytosine deamination.
Differences could be detected in the abilities of the two deletion strains to prevent A ⅐ T3G ⅐ C mutations, which were repaired better when M. smegmatis UdgB was active. Because these mutations arise largely through the deamination of adenine, our results imply that UdgB removes from DNA not only uracil but also Hx, as shown in our in vitro studies with the P. aerophilum UdgB enzyme (30) . We also demonstrate that both Ung and UdgB can process uracil in newly synthesized DNA, even though in this case the functional redundancy is apparent only in the double mutant; in the presence of Ung, the M. smegmatis udgB strain had no detectable phenotype as measured by sensitivity to 5FdUrd. These findings suggest that Ung is highly active in the processing of U ⅐ A pairs arising during replication, whereas UdgB may act predominantly to process the mutagenic U ⅐ G and, importantly, Hx ⅐ T mispairs.
